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SUMMARY

A new method of steering submersibles is in-
vestigated. The method, termed wake steering, utilizes a
shrouded or nozzled propeller which is a conventional
‘axial or forward thruster on submersibles and other vessels.
On the wake steering device ccntrol ports are located in
the nozzle aft of the propeller plane connecting the inner
and outer nozzle surface. The wake steering nozzle is designed
so0 that the pressure inside the nozzle in the vicinity of
the control port is lower than ambient. Thus, opening a

controliiport induces flow into the nozzle causing the wake

to separate sroducing a radial or steering thrust.

A series of tests were conducted on model pro-
pellers and nozzles at zero and nonzero forward velocities
to investigate the wake steering concept. The principle para-
meters varied in these tests were the propeller type, nozzle

inside surface aft of the propeller plane, and nozzle length.

The s*atic or zero forward velocity tests revealed
that highly divergent nozzles are required to develop the
high radial thrusts necess2ry to maximize the steering effecive-
ness of the device. The wake of these more divergent nozzles
had a tendency to separate when the control port was closed
producing an erratic and undesirabl~ radial or steering (

thrust. However, a number of nozzle and propeller combinations




were found which operated reliably. These were the longer
nozzles operating with propellers which were midrange in

pitch in the series tested.

Tests of the wake steering nozzle at forward
velocity revealed that the reliability of performance of the
device was improved over the static tests and thal the radial

thrust of the nozzle increased with forward velocity.

One of the propeller and nozzle combinations teated

at forward velocity was used for couparison with some existing

submersible propulsion and steering systems. The device was
found to produce a much greiter axial thrust at low advance
ratios but was less efficient. It is felt that the efficiency
can be significantly improved through optimization of the
nozzle design. In terms of steering effectiveness, the

wake steering nozzle was shown to be as effective as a con-
ventional submersible steering device, a tiltable shroud. By
mounting a wake steering nozzle on the bow of a submersible,
in addition to one on the tail, the device can be considered
a potential canditate for replacing the propulsion and
steering system of a conventional submersible such as the
DSRV which has a tiltable shroud, main propeller and four

ducted thrusters.

Additional information test equipment and experimental

results can be found in References 11, 12 and 1s.
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propeller/nozzle inside diameter, cm
force, nts

advance ratio

axial thrust coefficient

radial thrust coefficient

- stetring ratio

pressure coefficient

=~torque coefficient

nozzle length, cm

length of nozzle aft section, cm

length of propeller, cm

propéller speed, rev/sec
propeller pitch, cm
ambient pressure of fluid, nts/m?

pressure at any point on nozzl: surface a
distance Z from nozzle entrance, nts/'m2

vapor pressure of fluid, nts/m2




torque, nts-m
radius of the propeller hub, cm

radius of curvature of nozzle aft section
inside surface, cm

radius of curvature of nozzle aft section
outside surface, cm

propeller blade thic’' w'ss, cm
fluid velocity, m, =:c
axial distance along nozzle surface, cm

fluid density, kgj/m3

fluid viscosity, nts-sec/m2

nozzle divergence zngle, degrees
angle of rotation of the thrust vector, degrees

efficiency




SUBMERSIBLE MANEUVERING

1. INTRODUCTION

There has been a recent expanded usage of small
submersibles such as Alvin, Dolphin and Deep Quest for re-
-search, rescue and recovery operations. These Deep Submer-
~gence Vehicles (DSV) belong to a new class of submersibles.
Characteristic of this group are mission requirements calling
for control over precise spatial orientation and translation
of the vehiecle in all t:e six degrees of freedom. Precise
positional navigation is essential for such operations -as the

search for and recovery of objects from the ocean bottom. With

the resulting emphasis on control as opposed to speed, the

DSV is generally equipped with more thrusters and steering
(1-2)*

surfaces than the fleet or attack submarines.
The propulsion-steering system of one of the more
sophisticatéd submersibles, the U.S. Navy's Deep Submergence
Rescue Vehicle (DSRV) is shown in Fig.1. The reversible main
propeller provides for thrusts along the venicle suirge axis.
The tiltable shroud provides yaw and pitch turning moments
during cruising. For hovering maneuvers, the tiltatle shroud
is largely ineffective and the ducted thrusters are used ‘c

provide yaw and pitch . 'mrnts as well as sway and heave forces.

* Numbers in brackets refer to references.
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Steady state roll and pitch moments are achieved by pumping '
mercury between the tanks. Vehicle neutral buoyancy at any
d=pth is achieved by controlling the amount of water in the

variable ballast tanks.

The wake steering nozzle (WSN) is a new method of
steering submersibles. It offers the potential of reducing
the number of thrusters as compared with a conventional eys-
-tem while maintaining a comparable level of maneuverability
and increasing vessel geometric symmetry. The WSN shown in
Fig.2, consists of a propeller surrounded by an accelerating
type flow shroud. This nozzle or shroud has the effect of
increasing the water velocity through the duct in the region
of the propeller,enabling the propeller to operate under a
favorable loading criterion. The use of shrouded propellers

as thrusters is not new and has beecr explored both experi-

-mentally and analyticallySB'S) What is unique about the WSN

as proposed by Wozniak, Taft and Alperi, is its ability to
develope a steering force as well as an axial thrust59-10)
The concept is based on the fact that a shrouded propeller
can be designed that h.s a pressure distribution downstream
of the propeller plane which is lower than ambien® pressure.
Providing an open slot or control port downstream of the

propel’er thus allows flow to be induced into the shroud

causing a separation of the wake from one side of the nozzle.




/

CLOSED PORT

OPEN PORT
/
L

Fig.2 The Wake Steering Nozzle




This is illustrated by the streamlined pattern shown in Fig.
2. This results in an asymmetry in the pressure distribution
inside the shroud producing a radial steering force. Frem an-
-other viewpoint, the wake is deflected through an angle rel-
-ative to the propeller axis causing a radial momentum force,
Thus by locating a set of slots downstream from the propeller

and opening and closing these slote the wake can be steered.

Assuming a strategy for controlling the direction
of the wake, then two WSN mounted on a submersible, one fore
and one aft, would provide the same capability to generate
independent control forces and moments in each degree of free-
-dom as the thirusters now on the DSRV. The resulting increase
in submersible 1ore to aft geometric symmetry is apparent in

-~

Fig.3 which shows configuration. The ability of the wake steer-

-ing shroud to generate steering forces at vessel zero forward
\

velocity is an additional advantage over steering surfaccs

such as rudders.

The objective of the research on the WSN was to gain
an improved understanding of the phenomena to enable assessment
of its potential use in a propulsion-steering system for sub-
-mersibles. The performance of the WSN was evaluated experiment-
-ally at both zero and nonzero forward velocity. One of the

prime advantages of the WSN over conventional steering surfaces

is its ability to develop steering forces at zero forward velocity.
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2, THE WAKE STEERING NOZZLE - STATIC TESTING -

This section deals with the experimental investiga- ]
-tion of a number of geometric parameters of the WSN at zero |

forward velocity or static operation.

The experimeptal facility constructed for testing
the WSN is descrihbed. Several nondimensional numbers are dev-
-eloped to enable a reduction of the data for comparison of
the axial thrust characteristics of the WSN with those o7

(4-5)

conventional shrouded propellers. A preliminary series of

exploratory tests were run. These served to define a number
of important parameters of shroud geometry which were invest-
v -igated in a more extensive set )f tests. Mathmatical model-

-

-ling of the observed flow field as :in aid in guiding the

experimental effort is also discussed.

2.1 The WSN Test Facility

2,1.1 The Measurement System

In the experimental system used by Wozniak, the
axial and radial forces produced by a WSN were determined
indirectly, using measurements of the pressure on the inside

(

shroud surface.g) These pressure measurements were converted

to forces using a computer program which took into account
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shroud shape. This method was time consuming and cumbersome.
Our first task therefore was to develop a means for direct

measurement of the forces being produced by & VISN.

fo this end a five component dynamic force balance
or dynamometer was designed and constructedgll) It essentially
consists of a vertical beam instrumented with strain geges. (See
Fig.4.) The gages and associated instruments allow the axial
force and the horizontal component of radial force 1o be
measured and recorded as functions of time on an oscillograph.
To completely specify the radial force, another component must
be measured. This other component is obtained by repeating the
test run and opening 2 port located at 90° from the first port.
The two components are then added vectorially to deter.ire the
radial force magnitude and direction. In addition, the system
can also measure and record all three moments. The beam is
damped in the horizontal plane by two mechanical dampers manu-
-factured by Airpot Corporation mounted along axes >rthogonal
to each other. The WSN to be tested were mounted on the end of
the beam and emmersed in a tank .914 meters by 2.44 meters with
the water depth kept at about .5 meters. The tank was baffled
to reduce recirculation eddies in the region of the shroud
occurring as a result of the pumping action of the propeller

and the constriction imposed by the tank.
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The propeller is driven by a DC motor through a
flexible shaft., Propeller torque is measured by measuring and
recording armsture current on the oscillograph, Motor dynam-
-ometer teéts were uged to establish the relationship between
armature current and propeller torque. Motor speed was con-
~trolled by varying the armature current with speed measured
by a tachometer. A schematic of the motor control circuit is

shown in Fig.5s,

Pressures inside the aluminum shrouds' were measured
by means of a manometer bank connected to the shroud by tubing

through the tank.

The aluminum shrouds were time consuming to make
and difficult to machine. As a result, a special shroud holder\
was designed and constructed by Clark which'enabled the shroud
shape to be easily and rapidly changed. The shroud holder was ‘
mounted on the same dynamometers used for testing the aluminum
shrouds. The syster is shown in Fig.6 . The shroud holder has
& cylindrical inner surface of fixed diameter in the region of
the control port. This ring contains a port valve assembly
which is rotatable. This valve is actuated by means of an air
cylinder. The shroud surface fore and aft of the holder can be

changed by switching inserts. These inserts are machined out of

wax stiffened by a section of aluminum pipe. The machining of



3TN2IT) TOI3uU0H I030K- G Iy

H30HOOIH-YILINONVATYD

[~ —————

1
1 I
! T X 0ol
1 HOLYD.ONI
!
]

w — 033dS-39V.LI0A
USS

b el

- 14 =

-

oV
A 02!

|
U

ARE LN A
!
i
I
I
I
“ R

r—- - —— e —

OVINVYA H3ILINOHOVL - .__o._.o::\




- = =

> = el - = - e e It tes—r Y, )
A‘V‘ - = =il - =

il % e B

/ —

we3lsAg uoryETIBA 81220y 9°ITg

TN TR W e s wemw T

LEHISNI ITZZON Lbv

ANIWLENMAOY NOILISOo
MTIXY HINITBIO o

L30<=2 NO 3AnTVYA
H35ddVYvy 3AvNLiOv
Ol ¥aaNnINAD dHiIv

NOILYLON
STTZEION HOd
dAvTHS F1EIXI S

HILINOWY NAQ 39V
NIVHLS ONILSIX3

FAIE0 EHIATTTTIG0NAS NOA
e 1d¥THE IEIXIE OMNILSINT




F_ bae b e "

-‘]'3_

the wax was done on a lathe using a forming tool constructed

from heavy gage sheet metal cut to the desired nozzle shape.

2.1.2 Propellers and Nozzles

A series of two bladed propellers were used. The
principle difference between these propellers is in their
pitch to diameter ratios which varied from 1.2l to 2.06
(measured at 7/10 the radius). The propellers also differed
in blade length Lp, blade thickness tp and propeller diameter

D. The dimensions of ihe six propellers used in the tests

are given in Table 1. Drawings showing the profiles of each

‘'of the propellers are contained in Reference 12.

The two aluminum nozzles tested, designated No.1l
and No.2, are shown to full scale in Fig.7(2) and 7(b) resp-
-ectively. The inside shape of nozzle No.l is based cu nozzle
No.32 developed by the Netherlands Ship Model Basin (4) and
nozzle No.2 has the inside shape of an NACA-16«021 airfoil
13)

at zero angle of attack.

Two ‘series of wax nozzles were developed for
extensive testing. Fig.8 identifies the parameters varied

in this series of nozzles. This series utilized the shroud

variation system and were therefore made up of fore and aft

\

1
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p PROPELLER L IMENSIONS :
Propellers 2ry Lo/p’ to/D cg : ‘
¥ Prop, No.1
D = 4,42 cnm. .930 . 37U 014 5.34 i
‘ ol .818 L 96 .022 B
rh = . cm. 7g2 .209 ‘03l 2-28
i ' .585 620 .0lo .
Ppp= 1.2k 168 501 Lol 5.50
351 397 .039 5.41 ’
2 No, 2 . ]
| D = 4,42 cnm, . 936 36 .007 7.52 [
= 1.00 .818 487 .015 6.64 .
¢ it L .702 607 017 6.22
| P 1B . 585 .620 .028 5.84
! 1 168 541 .031 5.79
| 51 458 024 5.81 :
R ]
} Prop, No,3
B D = 4,32 cm. . 936 468 .022 7.09
i g 818 .59l .032 7.16 !
b e |- D . 782 629 ,oﬁg ;.2?
P,= 1.64 585 . 577 043 :
p= 1. 168 495 .0L3 7.08
d 351 L19 .0L9 6.64
Prop, No,u4
D = 4.42 cnm. . 936 .36 .010 8.81 -
L ! .818 J62 014 8.07 3
e e R 702 475 .02 7.6k
P,= 1 585 A9 .075 7.26
. ;e 168 402 03 | 7.09
351 348 043 6.6k
Prop, No,5
Pl . . 936 488 .020 8.76 !
7 37 cm 8%8 ) Euo '03[;_ & -52
Pj ¥, 102 om . 702 .£1u .032 g-%z
. 585 8o .03 .
Pry= 1.97 ‘168 428 1052 8.68
s 351 2 876 .051 2
R R O I
& , 818 s .01 :
i v - .02 .51 1026 9.12 '
- J‘h = 1.06 cm .585 L '030 8.78
168 439 .036 8.86
- Pp= 2.06 . 354 .372 .037 8.66
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A%,

\_CONTROL PORT

a) Nozzle No. 1

b) Nozzle No. 2

Fig., 7 Cross-sections of Aluminum Nozzles
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4 inserts machined from wax. Both series used the same fore

insert having a length of 5.08 cm. and the same inside proi’le
as aluminum nozzle No.2. The rear inserts of both geries were
varied as shown in Table 2., Series A was generated by varying
the radius of curvature Rc and Series B by varying the length

of the ai't section La'

2.2 Dimensionless Numbers

To reduce the number of parameters to be varied in
the testing and nondimensionalize the data, some dimensionless

numbers are developed in this section.

TABLE 2

DESCRIPTION OF WAX NOZZLES

Nozzle Numbers ed(Degrees) Rc/D La/D :
Series A
A1l 12.5 5,28 1.14
A2 19.4 3.43 1.14
A3 22.9 2.93 1.14
! Al 28.1 2,43 1.14
As 31.5 2.19 1.14 |
Series B
B1 12.5 2.19 0.47
d B2 19.4 2.19 0.72
| B3 22.9 2.19 0.85
| BY 28.1 2.19 1,02
' BS 31:5 2.19 1.14

D = 4.45 em,
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For a given propeller and nozzle design it can be shown
that the thrust,torque and pressure difference between the inside
and outside shroud surfaces of the nozzle are a function of

the velocity of the nozzle relative to the fluid.

That is:
Thrust = F gl(V.n.D.“-")
Torque = Q = g,(V,n,D,?,)

K - Pa = P gj(Vm.D."'v-z/D)

where V = velocity relative to the field
n = propeller rotational speed (rev./sec.)
D = propeller/shroud diameter
dengity of the fluid
viscosity of the fluid

= pressure at any point or. the shroud a distance &
from the shroud entrance

ambient pressure of the fluid

vapor pressure of the fluid

A dimensional analysis yields:

F/enD" g, (V/nD,enD?/s P /on’D?)
Q/pnzD5 dz(V/nD,onDZ/h,Pv/bnznz)
g/anD? ~ ﬂB(V/nD,onDZAa,Pv/anD},Z/D)

This is one set of dimensionless numdbers, others are also

possible.




In most sulmersible and ship designs, Reynolds
number is very high so that the flow is e=<sentially turb-
-ulent snd independent of Reynolds number. In the testing
progran, Reynolds number based on tip speed onDZ/L. varied
from 1.00(10)S to 3.?5(10)5 over a range of propeller speeds
of interest indicating operation in a turbulent regime. In
addition, the Cavitation number based on tip speed = ?(P‘-Pv)
/(pnzbz) has a minimum value of 1.63 which is large enough
to ensure that propeller cavitat on is not occurring in the
tests. Hence, the dimensionlesn equations can be simplified
)

P/en?D* « #, (v/nD)

Q/en’D® = f,(¥/nD)

Bon‘D? #,(Y/nD, 2/Dj

[/
P/onZD‘ coefficient of thrus:, K‘

Q/onzDS coefficlent of torque, Kq

B/onzDz coefficient of pressure, K,

v/nD » coefficient of advance, J

as definnd by previous researchers on shrouded rropollern!"e)

The ratio of the radial to arxial)l coefficlents of

thrust ls & measure of the ability of the WGN to produce

steering moments on a vessel und wiil be defined as the gteer-

-~ing ratio
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K

TR/XTA = steering ratio, Ker-a

In prutice, we would want this ratio to be as large as possidle.
J The radial thrust obtained from the WSK ig dependent on the
axial thruet developed. Therefore, by meximizing this ratio, we
ainimize the space required for a sutmersible to turn thus

increasing its maneuveradility,

Another parameter of equal importance is the thruat-
-ing efficiency f) of the WSX. Thia can b expressed in terma
of the nondimensional coefficients as

e TNy

. /mQ

Since in this maction we are concerned only with
testa on the ¥SX at zero forward velocity, the advance coeffi-

-cient waa 2erc throughout. Thue the thruat coefficient and

| pressure coefficient diatritution along the norzle insice

| surface characterize the atatic performance of a given W8N

2.) Preliminary Experimantal Inveatigation

The axial and radial thruats of alumsinua nozzles

Be.1 and No.2 using propeller Mo.2, were meagured with a

control port open and closed. Analysis of the thrust data
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reveals that the thrust very nearly varies with the square of
propeller speed as was expected from the dimensional analysis.

This is evident in Fig.9. The results also revealed that an

angular displacement 9, of the radial thrust vector relative

to the open port occurs. The rotation occurs in the direction

of propeller rotation according to Fig. 10.

Flow
e —

e
T————

Fig.10 Rotation of the Thrust Vector

The relative angle of the thrust vector decreases
only slightly with propeller speed. The resul 3 are susmarized

in Table ).

TABLE )

THRUST COEFFICIENTS POR NOZZLE NO.1 AND NO.2

O

2% rev./sec 90 rev./sec.

Kea Kep Ker-a

.7 .38 . S 22.4 18.0
.79 .28 . 3% 5.2 33.5
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Moments about the three mutumlly perpendicular axes
of noztle No.2 were measured. These were found to be small and
insignificant when compared with vessel turning moments produced
by noztle radial thrust and propeller torque. The measurement
of the moments revealed that the point of location of the thrust
vector was inside the aft gection of the nozzle at Z/L = .84
and that the variation in location of this victor was less than
= 7.88 over the full range of propeller speed. (See Kefererce 12)
hence, the errora in vessel turning moments which occur due to
variation in the location of the radial th-ust vector will be
small. In view of this, it was decided to discontinue making

Roment measurements.

A set of circumferential pressurv taps at each of
five axial locations along the inside surface of nozzle No.1
enadbled the pressure to be measured during operation. Meagure-
-menta were made for both the port closed and port open modeu
of operation. The pressure coefficient Kp vas computed and
plotted versus angular position with reapect to the control
port for each normalized axial location 2/L. The plots for the
pert closed and port open cases are ahown in Figs.11 and 12
respectively. The port is located at an axial pcstion 2/L of
+J9 to .45. The axial location of the propeller is such that
the trailing edge of the propeller is flush with the leading
edge of the port. It ia apparent from Fig.11, in which the
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values of Kp at each axial location do not change with angular:
position, that the wake flow is symmetric with respect to the
propeller axis. Thus, no radial force is being produced. Open-
-ing the port results in separation of the wake downstream of
the port, producing a radial thrust in the approximate direction
of the port. This is evident by comparatively higher (near zero)
values of Kpin Fig.12, Note that the pressures ahead of the
prupeller plane (2/L = ,12) and in the vicinity of the prop-;
-eller plane (2./L = ,31) are not appreciably affected. The
slight antisymmetrical distribution in the pressure coefficient
about the port in Fig.12 is attributed to the rotational motion
imparted to the fluid by the propeller. This accounts feor the
measured rotation of the radial thrust vector for nozzles No.1

and No.2 given in Table 3.

From the data on WSN No.i and No.2 in Table 3, nozzle
[}

No.1 appears to be the best choice as a propulsion-steering
device since it has an appreciably higher steering ratio while
producing almost the same axial thrust. However, there is

another important factor to be taken into consideration.

Observation of separation and reattachment of the
wake from inside nozzle No.l1 and No.2 revealed an inconsistency
in the behavior pattern of the wake. The wake from nozzle No.2
remained attached to the inside surface except when a port was

opened,at which time it would switch, producing a radial force.




The wake would reattach when the port was closed. Nozzle No.i

followed the éame pattern except that the wake would not re-

-attach after the port was closed. Inctead, the wake from

nozzle No.1 would remain separated and oscillate in an erratic

manner and would not reattac' unless the propeller speed v=s reduced.

This necessitated a means for interpreting the reliabilty of a WSN.

,

To be reliable, a WSN must develop a radial force
only with a contrcl port open. This force must disappear when
the port is closed. Allowances are made for the transition time
or time for the flow field to re-establish after a port has
been opened then closed. A WSN is defined as reliable if the
transition time is less than 3 seconds, marginally reliable if
it is greater than 3 seconds but less than 15 seconds and un- -
~-reliable if the time is greater than 15 secconds or if the wake

separates when the port is not opened.

It should also be pointed out that some circumfer-
~ential separation of the flow at the trailing edge of both

nozzles was cbserved using flow visualization techniques. This

separation was much more pronounced in nozzle No.1 than for
nozzle No.2. In preliminary tests on nozzle A3, a long stream-
-lined iub was added. It was found that the addition of this
hub created or promoted separation ot t“e flow at the trailing

edge to the point where the shroud operated unreliably. The data




from these tests is contained in Appendix 1. Two models were
sketched from observations of the flow field using air bubbles
and streamers entrained in the floQ. Figs; 13(a) and 13(b)
depict the flow field of a WSN without the hub and with the
hudb, respectively. One plausible explanation for this behavior

is that the hub provides a smootl continuous surface for *the

flow near the propeller.axis to follow. Thus the fluid:velocity

with the bub is greater along the propellér axis and lower
along the shroud surface. The resulting lower momentum of the
fluid at the shroud surface causes separation to occur earlier
in the flow. It was also observed for some nozzles that incr-
-easing vibration by removing the dampers improved nozzle

- (12,14)
reliability.

2.4 Analytical Modelling of the Nozzle Flow Field

{
The experimental work in the previous section gives
some indication of the complexity of ihe.flow field of the WSN,
To assist us in our investigation of the WSN, the development
of a mathematical model capable of describing the flow field

of the WSN was consider.d.

The problem of mathematically modelling the flow
field in and around conventional shrouded or nozzled propellers
is difficult. Some hydrodynamic models have been developed but!

in spite of their sophistication, agreement with the test results
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(6-8)

over a range of operating conditions has only been fair.
In addition, these models are valid only for axisymmetric flows
and therefore apply only to the port closed casé. Still, the
possibility of using these analyses to preaict the pressure
distributior along the inside nozzle surface was considered.

By designing the nozzle shape aft of the propeller plane to

have as negative a pressure distribution as possible, it was

felt that a maximum“radial thrust could be produced. According

to Fig.12, the pressure downstream of the port is essentially
ambient for the open port case, thus, by making the pressure
distribution as negative as possible, a large radial thrust

should result when the control port is opened.

In axisymmetric hydrodynamic models developed in
the literature, the approach used is to model the flow by
means of a distribution of ring vortices and ring sourcesgé-a)
Most of these models mre based on linear theory which means
the ring vortices and sources lie along a cylinder and the
model is only valid for shroud shapes which do not deviate

greatly from a cylindrical shape. It is also agssumed that the

flow does not separate from the nozzle.

The preceeding two'assumptions liimit the applica-

-bility of the models since most of’ the shrouds investigated

herein deviate substantial.y from a cylindrical shape and

exibit some separation along the trailing edge. Aside from
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these considerations the utility of the pressure predictions for
the clogsed port case as a means of maximizing the radial thrust

is questionable. This is apparent from the pressure plois in

Fig.14,

Fig.14 ig a plot of the pressure coefficients as a
function of axial location for nozzles No.l and No.2 with all
ports closed. Since the pressure distribution is axisymmetric;
the pressure coefficient is a function of axial location'alone.

' Comparing the two profiles, it is not obvious that the open

" port radial thrust of nozzle No.l1 would be about 40% greater

than for nozzle No.2 as indicated in Table 3. The length of the
shroud aft of the propeller plane is almost the same for each
nozzle: 5.65 cm. for No.l versus 5.23 cm. for No.2. The magni-
-tude of the pressures in the vicinty of the ports is almost
the same while the pressure downstream of the ports is even
more negative for nozzle No.2 than for No.1, leading one to
believe that No.2 would produce a greater radial thrust. Thus,
the port closed pressure distridbution is of little use in

predicting WSN radial thrust.

It would appear then, that to be of any real benefit,
the mathematical model used must be capable of modelling the
flow field with the port open. Because of the immense mathe-
-matical difficulties posed by the non-symmetric and separated

nature of such a flow field, both within and around the outside
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of a shroud operating in this mode, it was felt that a useful
hydrodynamic model was not within the scope of this project
based on the resources and time availadble. It was therefore
decided to concentrate our efforts on experimentally evaluat-
-ing and developing the wake steering nozzle. Certainly, if the
concept proves feasible and highly applicable, then one of the
next sieps should invclve both extensive theoretical and exper-

-imental work.

2.5 Experimental Investigation Of Major Parameters

The preliminary tests revemied that to develop a
high radial thrust requires shrouds of comparatively high
divergence. However, separation and thus reliability becomes
a problem with the more divergent shrouds. Clearly a trade-
-off exists between the two conflicting divergence require-
-ments of small divergence for no separation and large diverg-
-ence for useful deflection of the flow in the steering mode.
It was our objective in this set of tests to determine this

trade-off and how it is affected by propeller pitch and nozzle

length. Previous researchers, principally Van Manenfu's) have

shown propeller type and nozzle length to be highly signifi-

-cant factors affecting nozzle-propeller performance.

The arc of a circle was chosen to describe the

nozzle iaft section. The cicle was chosen because it is easier
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to standardize than for example a parabola. Also it turns out
that the arc of a circle is a good approximation for the inside
surface of noz:rle No.1 and No.2 tested previously. The diver-
~gence angle of the nozzles was then varied by simply varying
the radius of curvature Rc shown in Fig.8. This generated nozzle
series A, Nozzle series B was generated by cutting the most
divergent shroud in nozzle series A to various lengths to
generate the same divergence angles as series A. These two
series, described in Table 2, were tented over the completa
range of propeller pitch given in Tatle !. The data from these

tests is presented in Table 4 and Table °.

The values of Kepa in Tables 4 and 5 are based on the
axial thrust measured with the port closed and the wake flow
symmetrical such that no radial thrust is prcduced. The absence
of measurements of K., in the tables indicates that this state
did not exist. A small decrease between the port open and port
cloged values of KTA wag observod for nozzles which were re-

-liable and marginally reliable (1-5%). For unreliable nozzles

wvhere the wake failed to reattach when the port was closed K

(12,14)
increased slightly.

TA




TABLE &

EFFECTS OF MAJOR PARAMETERS ON NOZZLE FERFORMANCE
CHARACTERISTICS - SERIEC A

Resp | Yasp | B0 | Fma | Kor KTR/A! O
5,28 | 1.1 | 1.28 |, 053 | .127 | B0.5
1.81 | . 106 | 169 | 4.9
1.64 | . 067 | .110 | 7.4
1.73 | . .092 | 114 | 55,2
1.97 | . .098 | .104 | 37.0
2.06 | . .080 | .088 | 61.3
1.2 | . ,070 - 33.8
1.61 | . 138 | .239 | 37.5
1.64 | . 133 | 235 | wo.u
1.73 | . 175 | .233 | 2.4
1.97 | . 177 | 199 | s55.1
2.06 192 - 48,0
1.24 | . .101 - 35.5
1.61 | . 186 | .33 | 135.8
1.64 : .168 <337 L47.0
1.5 | . 228 | .320 | 3.7
1.97 | . 216 . 48.1
2.06 214 - 50.4
1.2 | . 128 . 33.0
1.1 | . 193 | . 31.8
1.64 . 204 . .6
1.73 | . 242 | . .5
1.97 | . .236 b1.1
2.06 247 45.9
1.2 | . 152 27.8
1,61 |, 263 | 0.7
1.64 ; 2t ' 33.6
1.73 | . 312 | . 36.2
1.97 |, .332 51.0
2.06 .305 42.3
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.Rolilbilitys R = reliadble, M = marginally reliable, U = unreliabdle
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TABLE 5

EFFECTS OF MAJOR PARAMETERS ON KOZZLE PERFORMANCE
CHARACTERISTICS - SERIES B

Nozzle | Rosp | Lam | P | Xaa | Kep | Xpmpa
BY 2.19 | 0.47

.24 035
b1 .051 28.3
.64 054
.73 059
.97 .082 33.
.06 .079 33.
.2b 102 25,
A1 112 27,
6L .168 29,
.73 211 31,
.97 .259 32,
.06 .223 36,
24 .130 2€,
41 : .183 28,
NI ,207 29.
1 .224 3.
.97 . 307 32,
.06 .256 36.
24 . 144 26,
A1 ' 194 . M.
64 | .216 b,
Wy | e 263 . 35.
1.97 : . 307 37 s
2,06 | - | .27 %%.
1,24 | .326 | .152 27,
1.b1 | b92 | .28 | . 30,
1.64 | 479 | .241 . 33.
1.73 | .619 | .312 | . 36,
1.97 | .735 | .332 41,
Y 2,06 | - .305 42,

&

1
1
1
1
1
2
1
1
1
1
1
2
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1
1
1
1
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1
1
1
1
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Reliability: R = reliable, M = marginally reliable, U = unreliable




trends:

Axial thrust

Radial thrust

Steering ratio

Thrust angle

Reliability

in Tables 4 and 5 revea) some general

decreases with nozzle divergence.
decreases with nozzle length.

increases with propeller pitch to diameter.

increases with nozzle divergence.
increases with nozzle length.
exhibits a slight maximum when plotted against

propcller to diameter ratijo.

increases with nozzle divergence.
remains almost constant with propeller pitch

to diameter.

decreases slightly with nozzle divergence.

remains almost constant with nozzle length.

increases with propeller pitch to “iameter

ratio.

decreases with nozzle divergence.
increases with nozzle length.

appears greatest for propellers which are
"mid-range" in terms of pitch to diameter

ratio.
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2.6 Summary and Conclusions

The performance of the WSN at zero forward velocity
was investigated. The preliminary tests revealed that the
radial thrvst of the WSN could be increased by increasing
nozzle divergence. However, higher nozzle divergence resulted

in an unreliable mode of operation where the wake remains de-

-flected after closing the control port, producing an erratic’

radial thrust.

A further set of tests were conducted varying
nozzle divergence and length and propellor pitch to diameter
ratio to determine their effects on the thrusting and steer-
-ing characteristics of the nozzle. A number of propeller-
-nozzle combinations were found which exhibited reliable or

marginally reliable operation.

This set of shrouds is almost exclusively confined
to the longer nozzles of series A. Nozzle Al was the most
reliable over all, as it worked well with all the combinations
of propellers. However, for use ag a steering device, it is
the least desirable since it also produces the smallest steer-
-ing ratio. According to the combined criteria of large steer-
-ing ratio and reliable operation, nozzle A5 is the optimum

choice.
(

The best propeller to use would appear to be propeller




No.4 with P/D = 1.73 which operated the most reliably. It

should be pointed out that the reliability of all the prop-
-ellers was sensitive 1o the axial location of the propeller
with the optimum location of the propeller being at the point
where the trailing edge of the propeller was flush with the
leading edge of the port. Propeller location hecame more
critical as nozzle divergence was increased. Propellers No.2
and 3 also performed reasonably well. Propeller No.3 ope?ated
somewhat less reliably than No.2 and also produced a lower
axial thrust. This could be due to the smaller diameter and
therefore larger tip clearance of propeller No.3 (D = 4.32 cm.
va 4.42 cm.). Too large a tip clearance enables backflow
around the tips of the propeller blades lowering propeller
(%)

efficiency.

The static tests have demonstrated that the concept
is feasible, but much more information is required to enable ‘
an assessment of the potential of the WSN as a submersible
propulsion-steering device. Most important is the effect of
forward velocity on reliability and steering ratio. In addition,

forward velocity data would enable the propulsion efficiency

of the WSN to be compared to more conventional nozzled propellers.
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3. FORWARD VELOCITY TESTING OF THE WAKE STEERING NOZZLE

The previous section. dealt with the experimental
investigation of the static performance of the WSN. One of the
prime requirements in evaluating any propulsion-steering system
for marine vessels is a knowledge of its behavior over a range
of forward ve]ocities.iThis is also true for rescue submersibles
where the typical rescue mission calls for a rapid transport -
leg between the mother ship and the site of the distreséed

submarine.

This section is concerned with evaluating the effect
of forward velocity on the performance characteristics of the
WSN identified in Section 2, particularly the radial steering
force. nozzle reliability and an additional performance para-~
-meter, the efficiency of the WSN as a thruster. Two nozzles
from the static tests, nozzles A2 and A3, were chosen for eval-
-uation with a number of propeller types over a range of forward
velocities. These nozzles were chosen because they were about
"mid-range" in terms of reliability and steering force in the
static tests, thus enabling a shift in either direction in their
performance characteristics to be detected. A forward velocity
tunnel and measurement system were designed and constructed to
enable these tests to be carried out. The shrouds used were

manufactured out of aluminum and stream’ ined to reduce the fluid

drag forces. Some preliminary tests were also conducted to
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investigate controlling the wake separation to produce a pro-
-portionally controlled steering force by locating several ports

axially along the shroud surface downstream of the propeller.

3.1 Forward Velocity Test Facility

To simulate forward velocity, a water tunnel was °
designed and constructed by Hudson and Wilson!lS) The tu;nel
consisted of an oren channel (.61 m high x .31 m wide). For
a.water depth of .31 m, the system is capable of producing
water velocities of up to 1.22 m/sec. based on a maximum pump
capacity of 7580 litres/min. Water enters the channel, shown
in Fig. 15, through a pipe. To minimize entrance effects and
straighten the flow downstream, a short section at the begin-
-ning was titted with screens and a honeyconb mesh of small ‘
tubing. Preliminary testing of the water tunnel revealed that
the axial flow velocity downstream cf this section is nearly
uniform, varying at most t 5% across the channel, except at
points very near the channel walls and water surface!ls) The

sides of the channel were constructed out of plexiglass to

enable the use of flow visualization techniques.

The nozzles tested were constructed out of aluminum
and the outside surface streamlined to minimige drag and inhibit

flow separation. Fig.16 shows the basic WSN configuration used



Fig.15 Water Channel Used for Testing Forward Velocity Nozzles

Bushing
Strut Dashpot Arm

Control
Port

Nozzle

Fig.16 The Basic Configuration of the Wake Steering Nozzles
Used for the Forward Velocity Tests
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in forward velocity tests. Three nozzles were constructed
having the same inside shapes as nozzles A2, A3 and Al used
in the static tests. Since the front section of these nozzles
is the same for 211 three, only aft sections varied. This was
accomplished by providing a tongue and groove type of fitting
between the front and aft sections enabling the aft sections
to ﬁe easily changed and providing a smooth surface between
the two sections. The front section of the test nozzle is
shown to full scale in Fig. 17(a). The outside surface of the

nozzle is cylindrical except for the last 5.1 cm of the aft

_section which was streamlined by making it converge. The

convergence of the outside surface is described by the arc of
a circle as indicated in the schematic of Fig. 17(b). The

numerical values for the geometric parameters describing the

nozzle aft sections are given in Table 6.

The radial and axial thrust, motor speed and pro-
-peller torque were measured using the same basic system as in
the static tests except a streamlined strut was added to the
dynamometer to reduce the drag. The propeller bushings and

struts were also streamlined.

Nozzle A3 with propeller No.2 is shown in opera*ion
with all the ports closed in Fig. 18(a). Air bubbles injected

upstream of the nozzle show that the wake flow is symmetrical

(




about the propeller axis. Fig.18(b) shows the degree of wake

deflection when a port near the top of the shroud is opened.

AFT SECTION SHAPES OF NOZZLES FOR FORWARD VELOCITY TESTING

TABLE 6

Nozzles

La/D

Rc/D

Rco/D

A2
A3
AL

1.43

3.68
L.72
L.65




a) Front Section

b) Aft Section

Fig.17 Geometric Parameters of the Forward Velocity

Wake Steering Nozzles




a) All Ports Closed

b) Top Port Cpen

Fig.18 TFlow Pattern of Nozzle A3 with Propeller
NO .2
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3.2 Effect of Forward Velocity on WSN Performance Characteristics

The previvus described test facility was used to
evaluate the performance of nozzles A2 and A3 over a range of
fluid velocities. Nozzle A4 was used in the investigation of
radial force control. A representative variety of propeller types
were selected from those used in the static tests. The propellers
used for the forward velocity testing were numbers 1,2,4 and 5
and are described in Table 1. These two shrouds were teséed by
Hudson over a range of motor speeds from 23.6 rev./sec. to 63.6
rev./sec. and at tunnel velocities of from .21 meters/sec. to
.77 meters/sec. The results from the tests are represented in
normalized form by plotting the axial thrust coefficient KTA'
radial thrust coefficient KTR and efficiency n against the

nondimensionalized velocity or advance coefficient J!u)

Typical curves showing the spread of data points for
one nozzle-propeller combination, nozzle A3 with propeller No.4,
are shown in Fig.19. Figs.20 and 21 summariz: the test results
for the complete series of propellers tested with nozzles A2

and A3, respectively.

It should be pointed out that the values of axial
thrust coefficient are based on the values of system thrust
where the only drag force included is the drag of the shroud.

¢
In other words, the dynamometer and propeller struts and bushing
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are not considered pa ' of the basic system and the drag of
these components was subtracted from the axial force before
calculating the axial thrust coefficient and WSN efficiency.

This is the same approach used by Van Maren and other resear-

-chers in analyzing the performance of nozzled propellers!3-5)

No difference between the drag forces of the two nozzles could
be detectedfiS) The axial thrust coefficient decreases with
velecity or zdvance ratio as would be expected from basic

. propeller theoryfié) The values of KTA are based on thrust
measured with the control port closed. Axial thrust was obser-
-ved to increase slightly when a control port was opened. The
increase was greatest for those shrouds which operated with a
high degree of circumferential flow separation from the inside
shroud surface at the trailing edge. Except for propeller No.4

operating in nozzles A2 and A3, all combinations showed some

degree of circumferential separation with all ports closed.

The radial thrust generally exhibits an increase
with forward velocity as evident in Fig-.20 and 21. This in-
-crease could be due to the observed rudder-like character-
-istics of the WSN., Tests conducted over a range of forward
velocities on a nozzle without a propeller showed that the
nozzle developed a small radial thrust which increased with
forward velocity!lS) This increase is due to the fact that when
a control port was opened the flow through the shroud became
assymetric causing a radial thrust on the shroud even with

no propeller,

The only propeller-nozzle which did not show an




increase in radial thrust with advance ratio was propeller No.1
operating in nozzle A3. Flow visualization techniques revealed
that this combination was operating with the flow almost fully
separated from the inside surface with all poris closed. This
was a much higher degree of circumferential separation than was
observed for any of the other combinations. This could account
for the drop in radial thrust since previous pressure measure-
-ments revealed that the pressures were higher for separated
flow. The reduced pressures would act to reduce control port

flow and thus wake deflection.

All of the propeller-nozzle combinations worked re-
-liably, that is they all produced a radial thrust only when
the control port was open and this thrust disappeared in less
than three seconds after closing the port. This improvement in
reliability over the static tests could be due to two factors,,
The momentum of the fluid flowing along the outside surface of
the shroud is directed along the propeller axis. This flow would
tend to force the deflected wake to return to an axisymmetric

flow after closing the port. Also some leakage was observed to

be occurring tﬁrough the closed port in the static tests which

would tend to make nozzle operation less reliable.

Fig.22 is a plot of the steering ratio for nozzles

A2 and A3. Taken by themselves, these curves can be somewhat

misleading since they would favor operation at a high advance
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ratio and using propeller No.2. There are other considerationsg
such as efficiency. Propellers No.2 and No.4 are the most effi-
-cient as indicated by Figs.20 and 21. From an efficiency stand-
-point, the choice betweei propeller No.2 and No.3 would depend
on the advance ratio at which the vessel cruises. These aspects
of propeller-nozzle selection from the design curves will be

covered in more detail in the next section,

3.3 Radial Force Control: Preliminary Tests

The tests so far have demonstrated that a number of
reliable propeller-nozzle combinations exist which develop radial
thrusts of a reasonable magnitude. However, for a given controi
port this radial steering force is single valued, changing only
with motor speed. To compete with other steering systems, the '
WSN should be capable of developing a steering force for which
the magnitude can be controlled at any speed. As a result, a
preliminary series of tests were conducted on nozzle A4 to inves-

»*
~-tigate a method of controlling the magnitude of the radial force.

A series of ports were placed along the shroud, from

just aft of the propeller plane up to the exit plane. It was

felt that the magnitude of the radial force could be varied by
(

varying the location at which a control port was opened, based

*
This investigation was conducted by Mr. R. Gauthier as part of an'

Engineering Undergraduate Projects Course at the University
of New Hampshire




on the assumption that a port near the exit plane would deflect

the wake a smaller amount than a port just aft of the propeller
plane. To test this out, three slotted ports were drilled to the
same dimensions as the ports used in the previous tests (.098 cn.

X .295 cm.).

The nozzle was tested with propeller No.2 over a range
of forward velocities. The results are given in Fig.23. As exp-
-ected, the radial force magnitude decreases with the distance
of port location from the propeller plane. Thus, the technique

has potential for providing at least some degree of control over

the radial force magnitude. Precise control might be possible

if a system were designed to provide a control flow at any axial
location, Additional test work is required to study the effect-
of axial port location and shape o: other propeller-nozzle

combinations.

3.4 Summary

The results revealed that the reliability of the WSN
performance at nonzero forward velocity was improved over the
static tests. The radial thrust coefficient showed a favorable

increase with advance ratio while the axial thrust decreases as

is the case: with all shrouded propellers. A method was developed

for controlling the radial force magnitude by locating a series




e s
64
, % —x— Ktp
. 4 x —O— Krg, PORT AT 2/L2 500
* E —0— KTR, PORT AT Z/L= 642
+ N —&— Kta, PORTAT 2/L= 786
¥
I
q1
m .
e
z
w
-4
Ww ,.3--
W
w
o
o
- 24
2]
>
ac
e
=
|
RS )
A A J,,a-«/"’ﬂ’
JayArawravA E Fa A
o + ¢ : | 5
0 | 2 3 4 5

ADVANCE COEFFICIENT - J

Fig.23 Effect on the Coefficient of Radial Thrust of
Axial Location of the Control Port i

i



of slots at different axial locations along the aft section of

the shroud.

Additional test work is required to further extend i
the set of reliable propeller-nozzle combinations andi to verify
the method of radial force control for other WSN. Development
work is also required to explore such factors as directional
control of the radial force. However, before proceeding with

- more testwork an assessment of the potential of the WSN should

be made. The combined static and forward Qelocity tests results

have provided the necessary information. This can be accomplished
by comparing the thrusting and steering characteristics to those

. of conventional submersible propulsion-steering systems.
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L. AN EVALUATION OF THE PROPULSION—STEERIRG CHARACTERISTICS
OF THE WAKE STEERING NOZZLE

The previous two sections have demonstrated the
feasibility of the wake steering concept. Enough information
on the operating characteristics of the WSN has been obtained
to enable at least preliminary evaluation of the WSN as a

propulsion—steering device.

In this section, the efficiency of the WSN as a

thruster is evaluated by comparing the WSN efficiency to

existing data for nozzled propellersSB_S) The steering effect-

-iveness of the WSN is investigated for both the cruising or
forward velocity mode and hovering mode. The steering effect- .
-iveness during cruising is evaluated by comparing the WSN
with a conventional gubmersible propulsion—steering device,
a propeller surrounded by a tiltable shroud. The comparison 1is
made by means of computer simulaticns of the submersible DSRV.
This comparison js based on preliminary forward velocity tests
on a model propeller and nozzle. The capability of the two

WSN, one mounted fore and another ait as shown in Fig.3, to

provide independent force and moment generation in the various

degrees of freedom during hovering is discussed.




4,1 The Propulsive Efficiency of the WSN

Considerable experimental work on propellered nozzles

has been conducted at the Netherlands Ship Model Basin (NSMB)53'5)

Ag a result cf these efforts, a number of propellered nozzles
have been developed which are highly efficient thrusters. Some
of the test results showinsz the axial thrust coefficient and
efficiency plotted as a function of advance ratio for one of the:
most efficient nozzles, nozzle 19a taken from Reference éh.
Fig.22 are shown in Fig.24. This nozzle was tested with a series
of four bladed propellers ranging in pitch to diameter P/D ratio
from 0.6 to 1.6. The test results for two of the propellers
having P/U ratios of 0.6 and 1.4 arz shown in Fig.24 for com=--
parison with one of the better performing wake steering nozzles
tested at forward velocity, nozzle A3 with propeller No.2. The
test results for 19a with propeller P/D ratio of 1.4 are used
for comparison with the WSN because propeller No.2 has a near-l
ly identical P/D ratio of 1.41. The results with the propeller
P/D ratio of 0.6 were chosen because the peak efficiency of

19a with t?is propeller occurs at very nearly the same advance
ratio as for the WSN.

One deficiency is apparent in comparing the WSN
with nozzle 19a, the efficiency is lower. However, to a cer-
tain degree this is to be expected since nozzle 19a is a high-
ly developed nozzle degign representing the state of the art !

in conventional nonsteering propellered nozzles, whereas the
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WSN design has not yet been optimized. The lower efficiency is
&lso due to the limitation of the experimental facility, parti-
-cularly the propellers which had a blade profile opposite that
of most conveniional propellers. The blades have a sharp leading
edge and blunt trailing edge. The blunt trailing edge would tend
to produce a turbulent wake, thus lowering propeller efficiency.

Higher efficiencies could probably be obtained by testing larger

diameter nozzles where more propeller types are commercially )

available and manufacturing tolerances can be more easily control-
-led. In addition, the WSN was tested with a two bladed propeller
whereas the propellers used in 19a were four bladed. The four
bladed propeller would tend to increase propulsive efficiency

by minimizing the unsteady flow. WSN efficiency could also likely
be increased by further streamlining the nozzles and supporting

struts, thus increasing KTA'

{

Significant differences in axial thrust coefficient
are shown in Fig.2l4. The axial thrust coefficient of the WSN
is higher at lower advance ratios but decreases more rapidly
with advance ratio than nozzle 19a. The increased axial thrust
at low advance ratios could be due to differences in propeller
type. Kaplan type propellers which have a wider and flatter
blade near the propeller tip were used in 19a. The higher thrust
could also be due to the fact that flow through the more divergent

WSN tends to separate circumferentially from the inside trailihg




edge. The resulting high pressure in the separated region would
act to increase the WSN axial thrust coefficient. This separated
flow would also increase the drag fo.ce, contributing to the rapid
deecrease in LOT with advance ratio. Another factor causing the
rapid decrease in Kq, is the larger length to diameter ratio L/D
of the WSN. Van Manen and Oosterveld found that the axial thrust
and efficiency of nozzled propellers rapidly decreased with length

(

due to increased nozzle drag.u) This was particularly evident

4,

‘when the nozzle was lightly loaded (low Kg,, high J)'s

At the present stage of development, it appears that
the long highly divergent nozzles are an inherent part of the
WSN design required in order to develop large radial thrusts for
gsteering. These same parameters tend to decrease its efficiency.
and effective range of advance ratios as a forward thruster.
Consequently, further development and optimization of the WSN ‘

should be directed towards minimizing shroud length and divergence

while maintaining comparable steevirg characteristics.

4.2 An Evaluation of the Steering Effectiveness of the WSN

The steering forces developed by movable control

surfaces, such as rudders and tiltable shrouds, are usually :

represented in nondimensional form as 1ift and drag coefficients

by dividing the forces by a term containirg rudder area and
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fluid velocity. The steering characteristics of different control
surfaces can then be compared by simply comparing their repre-
sentative 1ift and drag coefficients. The WSN steering force,
being a function of propeller thrust, is nondimensionalized by
dividing the steering force by a term containing the propeller
diameter and rotational speed and therefore a direct comparison
is not possibvle., However, a comparison of the WSN and a conven-

tional control surface is possible for a snecific vessel since

~ the propeller thrust and fluid velocity ar. related through the

vehicle dynamics.

The steering characteristics of the WSN are evaluated
by comparing it to the tiltable shroud used in the DSRV. This
comparison is made by means of computer simulations of the
equations of motion of the DSRV given in Reference 17. These
were simplified in Reference 18 by considering only motion in‘

the horizontal plane. It is, however, assumed that the vehicle

is submerged during all maneuvers in the simulation.

Nozzle A3 with propeller No.4 was chosen on the basis

of maximum steer'ng ratio KTR/KTA subject to the constraints of

efficiency, size and propeller speed. The WSN used in tle simu-
lation had a diameter D of .82 meters and length to diameter ratio
L/D of 2.5 giving it a greater area overall than the tiltable
shroud which has a diameter of 1.85 meters and L/D ratio of 0.31.

The procedure in selecting this WSN is given in Reference 18.
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The DSRV equations, together with the equations for tiltable
faroud propeller and WSN were programmed on the IBM System 360
computer using CSMP519)

Three types of maneuvers were simulated; a full 360°
turn, a 90° accelerating turn and a 90°decelerating turn. The
results of the 360° turn are shown in Fig.25. The 360%°turn or

turning circle mareuver is a standard comparative maneuver for

‘marine vessels and is a steady state or constant velocity man-

(

euver.le) The tiltable shroud was deflected a maximum amount
which is also standard for this maneuver. The accelerating and
decelerating turns are not standarc maneuvers. They were chosen
because they are considered to reflect the dynamic maneuvering
characteristics of the steering devices., In the accelerating -
turns, the submersible is accelerated from rest by a constant
vehicle axial thrust. In the decelerating turns, the submersille
is decelerated from a near maximum cruise velocity of 1.85m/sec
by adjusting propeller speed to maintain a near zero axial thrust
on the submersible. The simu.ation was halted in both cases after
the submersible had achieved a 90° change in yaw angle., The results
for the accelerating and decelerating turns are shown in Figs,

26 and 27 respectively. The numbers in brackets represent the
position of the vessel in the axis system at the completion

of the 90° turns. The time to complete each maneuver is also .
given in the figures.

In the case of the standard turning circle maneuver,
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the performance of the two steering devices is about the same.
The accelerating and decelerating turns, however, reveal notice-
able differences with the WSN out;performing the tiltable
shroud in the accelerating turn but performing less effectively
in the decelerating turn. This is to be expected since the high
propeller - nozzle thrust of the accelerating turn creates a
comparatively high WSN radial or steering thrust while the high

forward velocity and iow propeller-nozzle thrust of the de-

celerating turn favor the tiltable shroud.

It should be pointed out that the steering effective-
ness of the WSN could be improved by choosing a larger dia-
meter WSN, For example, using a 1 meter dizmeter nozzle as
opposed to the .820 meter diameter nozzle used, increases
steering effectiveness Kqp_, by about 15% according to the
analysis of Reference 18, However, this is done at a sacrifice

\
of a larger shroud size and a lower axial thrusting efficiency.

4.3 A Proposed System for Hovering Control

The proposed use of two WSN, one mounted fore and
the other aft, was introduced in Section 1 and is illustrated
in Fig.3. This system has the potential capability of replacing
the existing thruster-steering system for a submersible such

as the DSRV, which has a main propeller, tiltable shroud and




four ducted thrusters.

The arrangement is capable of generating independent
forces and moments through cancellation of the axial thrust
generated by thLe two opposing WSN. The resulting thrust cones
generated by operating in this configuratinr are shown in Fig.
28, By reversing the propeller on the front WSN during cruising,

a push pull type of thrusting is possible.

-

Vehicle
Center

_ ot
[ %‘5 _—" Gravity
/'"

-

Fig.28 Thrust Vectors Obtained by Mounting WSN on

the Tail snd Bow of a Submersible

An additional advantage of this system is the po-
tential ability of the WSN mounted on the front of the submor
mersible to produce a radial thrust for both forward and reverse
propeller operation. This would improve the submersible steering
effectiveness for cruising and for hovering in a current. This
would require additional ports on the nozzle fore section.,

The magnitude of the radial thrusts and thus the
control forces and moments generated are a function of the WSN

size, propeller speed and the characteristic thrust coefficients.

Considering a WSN having the same dimensions as the nozzle used
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in the simulation and using a maximum propeller speed of 5

rev/sec, the maximum radial thrust of this WSN at low advancr.

(18)

ratios is about 27000 newtons . This is the same order of

magnitude as the maximum thrust of the ducted thrusters on the

DSRV(17). Thus two WSN couli produce the same yaw and heave ic

forces as the four ducted thrusters. Because the WSN would be
located further from the vehicle center of gravity than the

ducted thruster, the pitch and yaw moments generated would be
increased an average of about 40% based on the dimensions of

the WSN and DSRYV.

#.b' Summary.

A comparison of the WSN with some conventional pre-
pulsion-steering systems has been conducted. The results revegl
that one tail mourted WSN is capable of providing submersible
steering forces comparible to a tiltable shroud and that mounting
another WSN on the front can provide the same forces and moménts
as the four ducted thrusters, main propeller and tiltable shroud
of the DSRV. The chief disadvantage of the WSN is its low pro-
pulsive efficiency, p.rticularly at high advance ratios. The ef-
ficiency of the WSN can no doubt be increased, as can the range
of forward velocity operation of the device, through optimization
of the propeller and nozzle design. Shapes other than the arc of
a circle need to be investigated. Additional testwork is re-

{

quired to investigate methods of controlling radial force di-

rection and the effect on WSN performance of flows around the

nozzle which are not symmetric to the propeller axis.
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: CONCLUSIONS AND RECOMMENDATIONS

This study has demonsirated the feasibilty of the

wake steering concept.

The systematic series of static tests revealed
that highly divergent nozzles are required to develop the
high radial thrusts necessary to maximize the steering ef-
fectiveness of the device. However, the wake of the more
divergent shrouds showed a tendercy to separate when the
control port was closed producing an erratic and undesirable
radial or steering thrust. This unreliable operation was
found to be influenced by nozzle length, propeller type
and propeller hudb as well, Increasing nozzle length resulted
in an increase in WSN reliability. The propellers which
were mid-range in the series tested in terms of pitch to
diameter ratio were the most reliable, These ranged in P/D
ratio from 1.41 to 1.73. However, conclusions as to the effect
of propeller pitch are constrained by the fact that the pro-
peller series also differed in other characteristics such
as pitch distribution and blade thickness. Including a stream-
lined hub on the propeller was found to adversely affect WSN

reliabilty and a blunt hub was used instead.

A series of nozzles were selected from the static

tests to determine the effect of forward velocity on their
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operating characteristijecs, These nozzles were mid-range

in terms of reliability and steering thrusts. The results
revealed that the reliabilty of the”WSN performance was im-
pProved compared with the static tests. The radial thrust
coefficient alsc showed an increase with advance ratio
indicating an increase  in the steering effectiveness of

the device with forward velocity. Control of the magnitude '
of the radial or steering thrust was achieved by locating
control ports at different axial locations along the shroud

surface,

Based on the static and forward velocity test
results, a preliminary comparison of the WSN with some con-
ventional submersible Propulsion and steering systems was
conducted. The WSN was found to e less efficient as a for-
ward thruster than . conventional nozzled propeller, nozzle
19a. Hewever, the actual numerieal differences should not
be considered significant since the WSN design has not been
optimized, whereasg 19a is a highly developed nozzle design,
The real significance of the comparison is that it provides
direction for future work on the WSN where parameters such ag
nozzle length and propeller type can be optimized from the
pPoint of view of efficiency as well as radial thrust.

In terms of steering effectiveness, the WSN was shown to
be as effective ag a conventional tail mounted steering deviée,

a tiltable shroud. By mounting a W3SN on the bow of a submersible

-
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< in addition to one on the tail, the WSN can be considered

' a potential candidate for replacing the propulsion-stéering 3
gsystem of a conventional submersible such as the DSRV
which has a main propeller, tiltable shroud, and four

ducted thrusters.

Future work on the WSN should be directed towards
maximizing the radial thrust of the WSN subject to theAcon-;
straints of reliable operation and acceptatle thrusting
efficiency. Other factors must also b2 taken into consideration
The following is a list of recommendations concerning future

investigations of the wake steering nozzle:

1) The test work should be conducted on model sizes
larger than those used in our test program. This allows
the investigation of a much wider range of commercially
| ‘
| - available propeller types.
| 2) Propellers having more than two blades should be ¢

| tested and the effect on performance of propeller hubs

be studied more closely.

3) Inside shapes other than the arc of a circle mus’
be investigated. The effect of the outside shape of the

nozzle also needs to be considered.

4) Additional test work on the effect of control port

location is required.




5) The effect of control port configuration should

also be investigated.

6) The effect on WSN performance characteristics of

fluid flow at nonzero angles of attack should also be

part of any future test program.
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